The transition from self-incompatibility to self-compatibility is a common transition in angiosperms often reported in populations at the edge of species range limits. Geographically distinct populations of wild tomato species (Solanum section Lycopersicon (Solanaceae)) have been described as polymorphic for mating system with both self-incompatible and self-compatible populations. Using controlled pollinations and sequencing of the S-RNase mating system gene, we test the compatibility status of a population of S. peruvianum located near its southern range limit. Pollinations among plants of known genotypes revealed strong selfincompatibility; fruit set following compatible pollinations was significantly higher than following incompatible pollinations for all tested individuals. Sequencing of the S-RNase gene in parents and progeny arrays was also as predicted under self-incompatibility. Molecular variation at the S-RNase locus revealed a diverse set of alleles, and heterozygosity in over 500 genotyped individuals. We used controlled crosses to test the specificity of sequences recovered in this study; in all cases, results were consistent with a unique allelic specificity for each tested sequence, including two alleles sharing 92% amino-acid similarity. Site-specific patterns of selection at the S-RNase gene indicate positive selection in regions of the gene associated with allelic specificity determination and purifying selection in previously characterized conserved regions. Further, there is broad convergence between the present and previous studies in specific amino-acid positions inferred to be evolving under positive selection.
Introduction
The majority of flowering plants are simultaneous hermaphrodites, yet numerous strategies to avoid the detrimental effects of self-fertilization and inbreeding depression have evolved among angiosperm species. These include mechanical or temporal separation of male and female gender function, separation of sexes onto different individuals, and genetically encoded self-incompatibility (SI) systems. Genetically controlled SI systems are also widespread in angiosperms, having evolved convergently upwards of 20 times and in many lineages (Weller et al., 1995; Allen and Hiscock, 2008) ; classically, SI systems fall into one of two categories: either gametophytic or sporophytic SI, though a large number of lineages possess late acting SI (Seavey and Bawa, 1986) .
In gametophytic systems, the incompatibility phenotype is determined by the haploid pollen grain (that is, the male gametophyte). Several types of gametophytic SI (GSI) exist and can be differentiated on the basis of molecular mechanisms involved in recognition and rejection of self (and closely related) pollen. The best characterized GSI system is S-RNase based GSI, which was initially described in Solanaceae, and is also present in additional plant families. In fact, S-RNase based GSI is the inferred ancestral condition of all asterids and rosids, making it ancestral in B75% of all eudicots (Igic and Kohn, 2001; Steinbachs and Holsinger, 2002; Vieira et al., 2008) .
Two tightly linked genes at the S-locus control the recognition reaction in S-RNase based GSI. The female determinant is an S-RNase, which is expressed in styles of mature flowers. The male determinant, which has been identified in Solanaceae as the S-locus F-box, is expressed in pollen grains. Following pollination, if the specificity of the pollen matches with either of the two specificities expressed in the style of a maternal plant, pollen tubes abort and fertilization fails. Individual plants functioning as maternal parents are thus unable to accept pollen from themselves or pollen from other plants bearing a matching specificity in the pollen grain. As a result, only gametes with different S-locus specificities can form offspring and individuals are obligately heterozygous at the S-locus.
Seventy years ago, Wright, 1939 first described the importance of negative frequency-dependent selection in maintaining extensive allelic diversity of SI alleles in natural populations. In particular, he noted that plants with relatively rare alleles would enjoy a mating advantage, and that such negative frequency dependence would lead to the maintenance of many alleles at equal frequencies in populations at equilibrium. The efficacy of negative frequency dependence in maintaining variation at this locus extends beyond allelic diversity in present day populations, and also affects the preservation of allelic variation over evolutionary timescales. Ioerger et al., 1990 were the first to document the presence of trans-specific or trans-generic polymorphism, in which allelic polymorphism predates the divergence of distantly related species.
The tomato plant family (Solanaceae) has served as a model system for the study of GSI in angiosperms from both a mechanistic (reviewed in McClure, 2004 ) and a population genetic perspective (Igic et al., 2004; Kohn, 2008) . In particular, the development of reverse-transcriptase PCR methods for amplifying S-alleles using RNA extracted from styles (Richman et al., 1995) has resulted in a number of population surveys of S-RNase variation in several species and genera (Lycium, Savage and Miller, 2006 , Miller et al., 2008 Nicotiana, Roldán et al., 2010; Petunia, Wang et al., 2001; Physalis, Richman et al. 1996 , Lu, 2002 Solanum, Richman et al., 1995 , Igic et al., 2007 , Mena-Ali and Stephenson, 2007 Witheringia, Stone and Pierce, 2005) . Data from studies of SI taxa generally meet expectations; that is, populations contain numerous alleles and allelic lineages persist over millions of years. Such data can also be used to examine the pattern and strength of selection at mating system genes, and previous studies have documented a characteristic signature of sequence evolution at the S-RNase gene (Savage and Miller, 2006; Igic et al., 2007; Miller et al., 2008) . In particular, those regions of the S-RNase gene associated with allelic specificity evolve under diversifying (positive) selection, whereas purifying selection predominates in regions associated with protein folding and stability (Ida et al., 2001; Vieira et al., 2010) . Two recent studies illustrate convergence in positively selected amino-acid (AA) positions for different data sets in Solanaceae (Takebayashi et al., 2003; Vieira et al., 2007) or between closely related species (Savage and Miller, 2006) . Such convergence across genera and species in Solanaceae implies that specific amino-acid positions may be important in specificity determination. Connected to this, comparisons of positively selected amino-acid positions among closely related alleles, coupled with empirical evidence that these alleles represent distinct specificities are needed.
Although Solanaceae have served as a model system for the study of incompatibility, it is also the case that SI has been lost independently many times and in many species. Indeed, the evolution of self-compatibility (SC) is considered one of the most common transitions in angiosperm evolutionary biology (Stebbins, 1974) , and many examples of multiple transitions within plant lineages have been documented Schoen et al., 1997; Goodwillie, 1999; Igic et al., 2004 Igic et al., , 2006 . The evolutionary transition from outcrossing to selfing at species range limits (or on oceanic islands) is a recurrent pattern among unrelated lineages of plants (Busch, 2005; Crawford et al., 2008 and references below) . Both SI and SC populations have been described for several species of wild tomatoes (Solanum section Lycopersicon), and the presence of SC is often associated with populations located at species range limits (Rick, 1986 ). Rick and Tanksley, 1981 surveyed populations of S. pennellii along a north-south axis in Peru and Chile; the majority of populations were SI, but their survey revealed several SC populations from the southernmost range limit. Likewise, toward both their northern and southern limits, populations of S. habrochaites are SC, whereas in the interior of the range, populations remain SI (Rick and Chetelat, 1991; Rick et al., 1979) . Spooner, 2001 and Peralta et al., 2008 also document polymorphism in compatibility status in wild tomato species, including S. pennellii, S. habrochaites and S. peruvianum. Most recently, Igic et al. (2008) reviewed the loss of SI in Solanum section Lycopersicon and identified intraspecific polymorphism in compatibility status in five species including new records for S. arcanum and S. chilense. As pointed out by Igic et al., (2006 Igic et al., ( , 2008 , polymorphism at the S-RNase locus is expected to decline relatively rapidly following the loss of SI, as S-alleles are no longer maintained by frequencydependent selection. Thus, examination of the SI status and S-RNase diversity in species of Solanum section Lycopersicon known to harbor SI/SC polymorphism and in populations located within species range peripheries are needed.
In this study, we investigate the S-RNase mating system locus in greenhouse-raised plants of Solanum peruvianum collected from a population near the southern edge of the species range. In particular, we genotype 30 parental plants and B500 offspring to determine whether individuals are heterozygous (expected in SI populations), as well as to determine the extent of allelic diversity in our sample. We also analyze the pattern of molecular evolution at the S-RNase locus and compare this with the pattern identified in SI populations in previous studies of Solanaceae. Second, we use controlled pollinations among plants to ascertain the compatibility status of this peripheral population. Third, we genotype offspring from a subset of these crosses to confirm that the S-RNase sequences isolated represent allelic specificities, and use these crosses to assess whether highly similar S-RNase sequences represent distinct alleles.
Methods
Study species and tissue collection Solanum section Lycopersicon includes the cultivated tomato and twelve wild species that occur natively in western South America (Peralta et al., 2008) . Solanum peruvianum is found natively from central Peru to northern Chile (Figure 1 ; Supplementary Table 1; Peralta et al., 2005 Peralta et al., , 2008 . Populations are typically SI, however, some are apparently SC (see tables in Rick, 1986 , Peralta and Spooner, 2001 Peralta et al., 2008) . Indeed, at least two populations collected from the Tarapaca region in Chile in the southern region of the species range (B100 kilometers southeast of the focal location) have been reported as SC (Tomato Genetics Research Center (TGRC), University of California, Davis; LA2955B, latitude -19.317, longitude -69.450; LA4125, latitude -19.306, longitude -69.421) . In this study, we evaluate the compatibility status of S. peruvianum using seed collected from near the species' southern border and maintained at the TGRC (Figure 1 ; Tarapaca, Chile, latitude -18.550, longitude -70.150, elevation 400 m, LA2744). Seeds were germinated and plants grown to flowering in a greenhouse. On flowering, 10-12 styles were collected from each of thirty individuals and preserved in RNAlater (Ambion, Inc., Austin, TX, USA). At the time of style collection, young leaf tissue was also preserved in silica gel desiccant.
Parental generation genotyping
We used the RT-PCR protocol of Richman et al., 1995 to genotype plants, which were used as parentals in controlled pollinations (see below). Five to ten styles were ground in liquid nitrogen and total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen, Inc., Valencia, CA, USA). We used the First Strand cDNA Synthesis Kit (EMD Biosciences, Inc., Madison, WI, USA) to synthesize cDNAs from the S-RNase encoding mRNAs. A portion of the S-RNase gene (spanning conserved regions C2-C5, see Ioerger et al., 1991) was amplified from cDNA using degenerate primers PR1 and PR3 from Richman et al., 1995. PCRs were performed in 50-ml reactions including 5 ml template, 10 mM Tris-HCl buffer, 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 100 ng of each primer, 5 mg BSA and 2 units of Taq polymerase. Because individuals are expected to be heterozygous at the S-RNase locus and as alleles are typically quite divergent, amplification products were cloned into the pT7Blue vector using the Novagen Perfectly Blunt Cloning kit (EMD Biosciences). Positive transformants were amplified using vector-specific primers U19 (5 0 -GTTTTCCCAGTCACGACGT-3 0 ) and R20 (5 0 -CAGCT ATGACCATGATTACG-3 0 ); 12.5-ml reactions included 2.5 ml template, 10 mM Tris-HCl buffer, 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM dNTPs, 8 ng of each primer and 0.5 units of Taq polymerase. An average of eight colonies were sequenced for each individual at either the Pennsylvania State University Nucleic Acid Facility (University Park, PA, USA) or Retrogen, Inc. (San Diego, CA, USA).
We developed a PCR-based screening protocol to confirm parental genotypes, as well as genotype offspring arrays following controlled crosses. Following an alignment of the 14 S-RNase sequences isolated using RT-PCR, we designed allele-specific primers to amplify each of the S-RNase sequences recovered in the parental generation. Most primer sets amplified a single allele; however, given sequence similarity two primer sets co-amplified either two (SP14 and SP17) or three (SP1, SP2 and SP3) alleles and these were cloned before sequencing (Supplementary Table 2 ).
Genomic DNA from parental plants was extracted using the Qiagen DNeasy Mini DNA Extraction Kit (Qiagen). These genotypes contained the full set of 14 S-RNase alleles and were amplified using the battery of allele-specific primers (Supplementary Table 2 ). These amplifications allowed us to: (1) test the specificity of our primers, (2) confirm parental genotypes and (3) obtain intron sequences for all S-RNase alleles in our sample. PCR amplifications were carried out in either 12.5 or 25 ml volumes containing 0.5 or 1 ml genomic DNA template, 10 mM Tris-HCl buffer, 50 mM KCl, 0.4 mM dNTPs, 3.0 mM MgCl2, 0.4 mM of each forward and reverse primer, 1 Â Q-Solution (Qiagen) and 0.75 units of Taq polymerase using one of three touchdown PCR programs. Each of the 14 alleles was sequenced following allele-specific amplifications in two to four individuals to confirm the allele sequence and intron. Parental genomic DNAs were used as controls in subsequent offspring genotyping (see below).
Controlled pollinations
To assess the compatibility status of Solanum peruvianum, we compared fruit production following controlled pollinations in an insect-free greenhouse. Because S-RNase genotypes were unknown at the time of pollinations, crosses consisted of either a self-pollen treatment or a cross-pollen treatment. The self-treatment consisted of pollen from other open flowers on the maternal parent, whereas the cross-treatment included pollen collected from a single paternal donor plant. Pollinations were conducted during September-December in 2007 and 2008. As S. peruvianum is buzz pollinated, pollen was collected from paternal donors by removing 1-3 flowers and vibrating the anthers with a handheld electric engraver over a clean petri dish. Pollen was directly applied to the stigmas of flowers on the maternal Table 1 for accession numbers and locality information). Inset shows Chilean accessions in the southern part of the range including the collection locality for material used in this study (open star) and nearby accessions for which Genbank sequences were compared (solid stars; Kondo et al., 2002) .
Self-incompatibility in Solanum JS Miller and JL Kostyun parent, and marked with the cross identification. Stigmas were coated with donor pollen and received sufficient pollen for seed set. A total of 1249 pollinations were carried out, including 294 self-pollinations (average of 9.8 per maternal parent) and 955 cross-pollinations (including 224 unique parental cross combinations).
Before the analysis of the controlled crosses, genotypes of all parental plants were determined and crosses recorded as either fully compatible (no S-RNase alleles shared between parental plants), semi-compatible (one S-RNase allele shared between parents) or incompatible. Incompatible crosses included both the self-pollen treatment and cross-pollinations between individuals of the same S-RNase genotype, whereas fully or semi-compatible crosses were categorized as compatible. We analyzed fruit set using a general linear model in SAS (SAS Institute, 2002) ; the model included the effects of plant (random effect), pollination treatment (fixed effect: compatible or incompatible), and the two-way interaction of plant by pollination treatment.
Offspring genotyping A total of 495 offspring following 17 different controlled crosses were genotyped using allele-specific primers following genomic DNA extractions of offspring. Genomic DNAs from confirmed parental genotypes with the target allele were used as positive controls, whereas individuals without the target allele were used as negative controls. For those primer sets that co-amplified alleles (see Supplementary Table 2) , PCR products were cloned and sequenced to confirm S-RNase alleles in progeny.
We used a series of semi-compatible crosses to test the functionality of putative S-RNase allelic sequences. As offspring following a semi-compatible cross can only inherit the non-shared paternal allele, we screened progeny arrays for the unique (and expected) paternal allele. In total, we screened 400 offspring with an average of 26.7 offspring per semi-compatible cross (range, 10-58 offspring per cross). Following Igic et al., 2007 , we calculated the probability of the observed progeny array genotypes under the assumption that the cross was fully compatible (P ¼ (0.5) n ), where n is the number of progeny genotyped and 0.5 is the probability that offspring share the unique paternal allele. Those probabilities that remained significant following correction for multiple comparisons (that is, 11 alleles tested, Po0.005), allowed rejection of the null hypothesis of full compatibility.
We also determined whether the highly similar alleles in our sample represented unique allelic specificities by analyzing the pattern of S-RNase allele assortment in progeny following three semi-compatible crosses (see above), as well as two additional fully compatible crosses. Specifically, we sought to determine whether highly similar alleles in maternal and paternal plants recognized each other as the same specificity and thus did not pair compared with alternative allele combinations in those parents. A fully compatible cross between a female with the genotype SP2/SP11 and a male with the genotype SP1/SP7 is expected to yield offspring with one of four possible genotypes: SP2/SP1, SP2/SP7, SP11/SP1 or SP11/SP7. However, if alleles SP1 and SP2 are highly similar and are functionally the same specificity, then one might expect an absence of SP2/SP1 offspring.
As pairwise divergence values among alleles in our sample were distributed bimodally (ranging from 8 AA differences to 81 AA differences (Figure 2) ), we selected crosses that contained potential genotypes in progeny that included both similar (p33 AA differences) and alternative (460 AA differences) allele combinations. We used a Chi-square test to determine whether the number of progeny genotypes in each category (similar vs alternative allele combinations) were different than expected. Expected numbers in each category were determined by the pairwise amino-acid difference between alleles in progeny, and standardized by the total number of similar vs alternative combinations of alleles.
Analysis of S-RNase sequence data
Sequences were edited and assembled using Sequencher version 4.8. (Gene Codes Corp., 1991 -2007 . Amino-acid alignments were constructed manually using Sequence Alignment Editor (Se-Al) version 2.0 (Rambaut, 2002) . Average pairwise distances for S-RNases from Solanum peruvianum were calculated in PAUP* (Swofford, 2002) . PAUP* was also used to create a maximum likelihood S-RNase genealogy as a means to assess the extent of ancient lineage diversity. The data set included 64 S-RNase allele sequences from several genera in Solanaceae, including Solanum, Eriolarynx, Lycium, Physalis, Petunia, Nicotiana and Witheringia. Three Antirrhinum sequences were used as outgroups (X96464-66). Maximum likelihood model parameters were determined using Modeltest version 3.7 (Posada and Crandall, 1998) . The best-fit model GTR þ I þ G was used in the maximum likelihood analysis in PAUP*, using the heuristic search option, tree bisection reconnection branch swapping, MulTrees option in effect and a single neighborjoining tree as a starting topology. Bootstrap support for this topology was determined by a maximum likelihood non-parametric bootstrap analysis in PAUP* on the Amherst College computing cluster. This analysis used the same model parameters as in the maximum likelihood analysis, and 100 full heuristic bootstrap replicates, each with 10 random-addition sequence replicates, tree bisection reconnection branch swapping and the MulTrees option in effect. Figure 2 Distribution of amino-acid differences between S-RNase alleles of Solanum peruvianum in this study. The most similar alleles (SP14 and SP17) differed at 8 AA positions, whereas the most divergent (SP6 and SP12) had 81 AA sites that differed. Arrows indicate those pairwise allele combinations that were present among offspring progeny in selected crosses.
Self-incompatibility in Solanum
We used the codeml package in PAML, version 4.1 to estimate the non-synonymous/synonymous rate ratio (o ¼ d N /d S ) for the data set mentioned above (Yang, 2007) . The recommended procedure to investigate positive selection in PAML is to use two sets of models (M1a vs M2a, and M7 vs M8). Where likelihood ratio tests indicate that the models incorporating positive selection (M2a and M8) fit the data significantly better than the corresponding null models (M1a and M7) and the d N /d S rate ratio associated with positive selection (in models M2a and M8) is greater than one, diversifying selection on those sites was inferred. Empirical Bayesian probabilities (Yang et al., 2005) were used to determine the number and identity of sites under positive selection.
Results

S-RNase allele number and identity
We isolated 14 unique partial S-RNase sequences, ranging in length from 354 to 387 base pairs (Genbank accession numbers HM357215-HM357228) from the 30 Solanum peruvianum parental plants. All individuals were heterozygous and there were 25 unique genotypes (Table 1) . Average pairwise amino-acid distance among the fourteen sequences was 55% and ranged from 6 to 67%. The average pairwise number of amino-acid differences between sequences was 65.7; however, the range spanned 8-81 AA differences between alleles (Figure 2 ). The majority of the sequences were extremely divergent from one another, but a few alleles that were similar were identified and confirmed in replicate PCR and sequencing reactions in multiple individuals. Three alleles in our sample (SP6, SP8 and SP17) were identical to previously identified alleles in S. peruvianum obtained from Genbank (see Figure 3 for synonymy). Two additional alleles were nearly identical to previously isolated sequences having either a single synonymous (SP11) or a single non-synonymous (SP13) difference. Many of the Genbank sequences were isolated from nearby populations (solid stars in Figure 1 ).
S-RNase alleles from Solanum peruvianum are dispersed across many lineages (Figure 3 ). In particular, there are eight lineages where S. peruvianum alleles cluster with alleles from genera outside Solanum (for example, Eriolarynx, Nicotiana, Petunia, Lycium, Witheringia and Physalis), indicating that much of the polymorphism present in S. peruvianum predates this genus. There are also several additional lineages that include multiple species of Solanum but no alleles isolated from species outside this genus, presumably because of a lack of sampling outside Solanum. There are eight closely related pairs of alleles isolated from the sister species S. peruvianum and S. chilense, and another pair from S. peruvianum and S. neoricki. These nine pairs of sequences are very similar and range from being identical over the region compared to having four amino-acid differences (Supplementary Table 3) .
Intron lengths ranged from 76 to 121 base pairs for the 14 S-RNases in our sample and, not surprisingly, given the extreme ages of allelic lineages, we were unable to align introns for most alleles. However, for three sets of sequences belonging to the same lineage ((SP1, SP2, SP3 and SP5), (SP8 and SP10) and (SP14 and SP17); see Figure 3 ) alignment was possible. An intron was available for Solanum peruvianum Genbank accession number U28795, which was closely related (that is, two amino-acid positions different) to the SP11 allele recovered in this study; the intron sequences for these two sequences differed at only a single base pair.
Selection analyses indicated that models of positive selection (M2a and M8) fit the data significantly better than the models of nearly neutral (M1a and M7) evolution (LRT454.57, Po0.0001). Not surprisingly, the majority of positively selected sites (9 of 15 sites with PX0.95, Table 2 ) were located in the hypervariable regions of the S-RNase gene. Despite differences in taxon and allelic sampling, as well as in sequence alignments between studies, 14 (of a total of 15 sites, see Table 2 ) inferred to be under positive selection in this study were also reported as positively selected in one or both previous studies (Igic et al., 2007; Vieira et al., 2007) .
Controlled crosses
Fruit production did not differ among maternal parents (F 29,29 ¼ 1.01, P ¼ 0.49), but was significantly higher following compatible pollinations, indicative of a strong main effect of pollination treatment (59% vs 1%, F 1,39.6 ¼ 278.9, Po0.0001). All plants had higher fruit production following compatible, as compared with incompatible, pollinations ( Figure 4) ; however, there was a significant plant by pollination treatment interaction (F 29,1189 ¼ 2.0, P ¼ 0.0018). The interaction is likely the result of two plants with relatively low fruit production in the compatible treatment (p33%) and the production of some fruit in the incompatible treatment for three plants (average was B15% for plants with non-zero fruit set). Both factors limit treatment differences in these plants as compared with most genotypes, which had high fruit set (X50%) in the compatible pollination treatment and zero fruit set following incompatible pollinations (Figure 4) .
Segregation of S-RNase alleles in offspring
We tested the allelic specificity of 11 putative S-RNase alleles by genotyping 400 offspring following 15 SC crosses, in which parents shared one putative allele (Table 3 ). The PCR screens were robust and recovered the expected allele in 98.5% of all cases (394 of 400 PCR trials). Not surprisingly, the observed progeny arrays strongly rejected the null hypothesis of full compatibility for each of the 11 tested alleles. Thus, the sequence variants recovered in this study correspond to functional 
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S-RNase alleles. There was no evidence in our sample that highly similar S-RNase sequences represented the same functional allele (w 2 ¼ 0.966, P ¼ 0.326). In fact, in the crosses that potentially produced offspring genotypes with both similar and divergent alleles, offspring genotypes were equally divided between all genotypes (Table 4) .
Discussion
Consistent with gametophytic SI, all 30 parental individuals and 495 genotyped offspring in our sample were heterozygous at the S-RNase locus. In all, 14 unique S-RNase sequences were identified from 30 parental plants. To confirm that the S-RNase sequences were Figure 3 Maximum likelihood genealogy of S-RNase alleles from Solanum peruvianum (circled and shaded) and other genera in Solanaceae. SP references alleles isolated in the present study, and Genbank accession numbers are given for alleles isolated in previous studies. See Supplementary Table 3 for closely related pairs of S-RNase alleles among Solanum species. Bootstrap support values are at nodes.
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functional alleles, we screened progeny following semicompatible crosses. For all alleles tested, we rejected the null hypothesis of full compatibility; thus, the S-RNase sequences isolated in this study represent unique specificities. Although allelic diversity in our sample is within the range reported for Solanaceae with GSI (Richman et al., 1995; Wang et al., 2001; Lu, 2002; Stone and Pierce, 2005; Savage and Miller, 2006) , we recovered fewer alleles than are typically reported. For example, Igic et al., 2007 report 30 alleles from 34 individuals of the closely related species S. chilense, although several factors likely contribute to this discrepancy. Igic et al., 2007 sampled plants from nine populations (1-10 individuals from each) across the species range of S. chilense, whereas our sample was derived from fruit collected in a single population. Further, the initial collection of this accession likely included a limited number of individuals from the population, and the accession has been regenerated twice since collection (TGRC, personal communication). Consequently, the recovery of 14 alleles in our sample is considerable. Although previous studies (Chung et al., 1994; Kondo et al., 2002) have isolated additional alleles, species-wide estimates of allelic diversity in S. peruvianum may be premature. In total, 21 unique S-RNase alleles have been identified in southern populations of S. peruvianium. Further sampling, particularly across a wider area of the species range, would almost certainly recover novel S-RNase diversity.
Under gametophytic SI, negative frequency-dependent selection functioning over evolutionary time scales results in the maintenance of divergent trans-specific or trans-generic S-RNase lineages (Richman and Kohn, 2000; Igic et al., 2004) . S-RNase alleles recovered from S. peruvianum conform to this pattern (Figure 3 ). Only two exceptions to this pattern have been documented (Richman and Kohn, 2000; Miller et al., 2008) , both associated with bottleneck events in the evolutionary histories of these groups. Richman and Kohn, 2000 Positions in bold identify those sites in which the amino-acid position was also inferred as positively selected in two independent studies (Igic et al., 2007; Vieira et al., 2007) ; underlined positions indicate convergence with at least one of these studies. Alignment available on request. *PX0.95, **PX0.99. Figure 4 Proportion of fruit production per flower for individuals of Solanum peruvianum in this study. Lines connect the same maternal parent following pollination with a single male donor. Incompatible crosses included both the self-pollen treatment and cross-pollinations between individuals of the same S-RNase genotype, whereas fully or semi-compatible crosses were categorized as compatible. 
Under GSI and following semi-compatible crosses involving a target allele, all offspring are predicted to have the unique paternal allele (for example, SP3 in the first cross). Numbers of offspring with and without the expected allele are given, as is the probability of the observed progeny array under the assumption of full compatibility (that is, that SP1 was not recognized as self in the first cross). Probabilities that remained significant following correction for multiple comparisons (that is, 11 alleles tested, Po0.005), allowed rejection of the null hypothesis of full compatibility.
a Several crosses involving allele SP7 were combined before analysis. (Lu, 2001; Savage and Miller, 2006; Surbanovski et al., 2007; Vieira et al., 2007; Sutherland et al., 2008) . Similar allele pairs across species could be a result of recently shared evolutionary history (Lu, 2001; Sutherland et al., 2008) or introgression among species (for example, Castric et al., 2008) . Solanum peruvianum and S. chilense are certainly recently diverged (p0.55 million years, Städler et al., 2008) , and analyses of multilocus sequence data suggest historical introgression (Städler et al., 2005 (Städler et al., , 2008 . Castric et al., 2008 reported sets of similar alleles at the SRK (S-locus receptor kinase) pistil SI specificity determining gene in Arabidopsis lyrata and A. halleri (Brassicaceae) and demonstrated that levels of introgression at SRK were higher than background levels. These authors point out that strong negative frequency-dependent selection at mating recognition loci (that is, selection for rare SRK (or S-RNase) alleles) will result in adaptive introgression at such loci, especially in the face of gene flow between diverging species. Similar studies comparing introgression at the S-RNase gene with background levels may be warranted in Solanum.
Comparison of similar allele pairs in different species reveals that, for all allele pairs (with one exception, SP7 vs Solanum chilense S17, which had only a single synonymous difference; Supplementary Table 3), at least 1 AA difference occurs at amino-acid positions also inferred to be under positive selection. Further, the majority of these positively selected sites correspond to amino-acid positions in hypervariable regions, which putatively control allelic specificity. Most comparisons also included positions that were strongly inferred to be under positive selection (that is, those amino-acid positions in Table 2 ). It is known that differences at a limited number of amino-acid positions can result in changes in allelic specificity (Nunes et al., 2006; Vieira et al., 2007) . For example, Matton et al., 1999 altered the S. chacoense S11 allele to the S13 specificity via 4 AA changes. Notably, these four positions were under positive selection in this study supporting the hypothesis that few targeted amino-acid changes can generate new specificities. Our data concur with the observation that few amino-acid changes are responsible for allele specificity differences. Offspring genotyping revealed that highly similar S-RNase alleles (originating from different parental plants) assorted in progeny as novel specificities. Crosses included SP1 and SP2, which share 92% AA similarity and differ at only 10 AA; three of these sites were inferred to be under positive selection. Likewise, Igic et al., 2007 compared alleles with 86% AA similarity in Solanum chilense and found these to encode different allelic specificities. These examples provide clear evidence that allelic specificity can be determined by only a few amino-acid substitutions. That said, we obtained only partial S-RNase sequences, and more extensive sequencing could reveal additional differences. The most similar set of alleles in our sample were SP14 and SP17. Although not tested in this study, these two alleles differ by only 8 AA, five of which are under positive selection. It would be informative to determine whether SP14 and SP17 are functionally distinct; if so, then these five sites that are under positive selection are certainly candidates for specificity determination. Further studies investigating the molecular basis of allelic specificity are warranted, particularly those examining the role of the male determinant, S-locus F-box, and its interaction with S-RNase.
Several studies have used site-specific models to investigate sequence evolution in the S-RNase gene and there is broad convergence in positively selected aminoacid positions across studies. Igic et al., 2007 included 30 S-RNase alleles in Solanum chilense, whereas Vieira et al., 2007 included 64 taxa in three genera of Solanaceae. Despite differences across studies in taxon and allelic sampling, as well as in sequence alignments, 14 of the 15 sites inferred to be under positive selection in this study (Table 2) were also reported as positively selected in one or both of these previous studies. In contrast, there were eight sites reported to be under positive selection in Igic et al., 2007 and Vieira et al., 2007, which were not under positive selection in our analyses. Although not identified as being positively selected in this study, five of these positions had posterior probabilities ranging from 0.729 to 0.946 and thus approached significance. Convergence across studies implies that specific aminoacid positions may be disproportionately important in conferring allelic specificity.
The Solanaceae continues to be a model system for the study of evolution, maintenance and loss of genetic SI. Specifically, GSI is inferred to be the ancestral state in the family (Igic and Kohn, 2001) , which has been subsequently lost in multiple lineages (Igic et al., 2008) . The transition from SI to SC is one of the most common trends within the angiosperms (Stebbins, 1974) , and a Offspring genotypes are given for semi-compatible (two genotypes) and fully compatible (four genotypes) crosses. The numbers of progeny with each S-RNase genotype is given in parentheses. Genotypes in bold are those in which the two alleles are similar (p33 AA differences), whereas all others were classified as alternative genotypes (see Figure 2 ).
Self-incompatibility in Solanum recurrent pattern has been the loss of SI on islands or along the edges of species ranges (Rick, 1986; Busch, 2005) . This may be at least partially due to pollen limitation in these areas, where the evolution of SC provides reproductive assurance; smaller population size and greater geographical isolation within peripheries also likely contribute to this process (Schoen and Busch, 2008) . Although the breakdown of SI in peripheral populations has been documented in Solanaceae, including several wild tomatoes (Rick et al., 1979; Rick and Tanksley, 1981; Rick, 1986; Rick and Chetelat, 1991) , our sample of Solanum peruvianum from a population located near the southern range limit retained GSI. Fruit set following compatible pollination was significantly higher than that from incompatible pollination for all individuals in our sample (Figure 4) , although it is possible that pseudo-compatible or fully compatible individuals exist but were not sampled. Three plants in our sample (PERU9, PERU13 and PERU19; Table 1 ) had non-zero fruit set following self pollination. Although two of the three plants shared allele SP8, three additional plants also with this allele had no fruit set following selfing; thus, these data provide little evidence for a 'leaky' S-RNase allele (Mena-Ali and Stephenson, 2007) . Nevertheless, the presence of strong SI in all sampled individuals suggests that the population has maintained functional GSI. Despite our finding of strong SI in this population of Solanum peruvianum, these data provide an important comparison for species with mating system polymorphism. The wild tomatoes continue to be a model system for understanding the evolution of mating systems (Igic et al., 2006; Moyle, 2008; Städler et al., 2008) , and molecular evolutionary studies of species with documented polymorphism in mating system can shed light on the evolutionary fate of the high sequence diversity typical for SI populations. In addition, our work facilitates future efforts directed at studying Solanum and related genera, as allele-specific primers will reduce the cost and effort of identifying S-RNase alleles in additional species and populations. More studies are needed in S. peruvianum, as well as other Solanaceae to continue to characterize GSI and plant-mating system evolution.
